In this study, a finger exoskeleton robot has been designed and presented. The prototype device was designed to be worn on the dorsal side of the hand to assist in the movement and rehabilitation of the fingers. The finger exoskeleton is 3D-printed to be low-cost and has a transmission mechanism consisting of rigid serial links which is actuated by a stepper motor. The actuation of the robotic finger is by a sliding motion and mimics the movement of the human finger. To make it possible for the patient to use the rehabilitation device anywhere and anytime, an Arduino™ control board and a speech recognition board were used to allow voice control. As the robotic finger follows the patients voice commands the actual motion is analyzed by Tracker image analysis software. The finger exoskeleton is designed to flex and extend the fingers, and has a rotation range of motion (ROM) of 44.2 • .
Introduction
Statistically, one in six people in the world will have a stroke [1] at some time, or develop some debilitating bone condition. Most strokes are caused by an interruption of the blood supply to part of the brain. It is very important for stroke patients to move the parts of the body that have been affected to restore and retrain movement. This rehabilitation is very important for the patient and is particularly so for the achievement of full movement. This not only helps to maintain muscle tension and strength, and increase durability, but also promotes blood circulation [2] .
Rehabilitation systems have been extensively studied for effective restoration and training of muscle activity in the arm or hand [3, 4] . The degree of upper limb rehabilitation is also used in clinical tests [5] . However, a finger exoskeleton is more difficult to design than one for the arm because it requires many more degrees of freedom (DOF) of motion and this involves small moving parts [6] . The design of a typical finger mechanism is complicated, has involved control requirements, and is usually very expensive. To reduce the cost and simplify the fabrication and operation, many people working on the problem began to use underactuated mechanisms in the design of a robot finger [7, 8] .
An underactuated mechanism has fewer driving sources than the number of DOF. Such an underactuated finger mechanism can be simple in structure, and is easily made even simpler by linking the motion of individual joints, or linking the motion of one finger to another finger [9] . Tendon-actuated and linkage mechanisms are the most common underactuated mechanisms in current use. However, the development and progress of robotic engineering has allowed the underactuated robot to include more DOF and has also lowered the complexity in many different applications.
A tendon-driven mechanism [10] can simply use a nylon line to stretch and bend the fingers. It has the advantage of simplicity and also absorbs shock; however, the line itself is under tension, which puts more load on the finger joints that increases friction forces, and is itself subject to elastic deformation. This kind of mechanism can only be used under a small load. Linkage-type mechanisms driven by auxiliary links to control the fingers have advantages. They are easy to analyze and mechanically rigid, but the many links lead to a loose structure and a humanoid robot finger comparable in size to that of a real finger is not easy to achieve [11] .
Various hand exoskeleton technologies for rehabilitation and assistive robotics have recently been developed [12] . To design a proper hand or finger exoskeleton, the biomechanics of the hand/finger, robotic mechanisms, and control methods must be considered. Hand exoskeletons can be driven by different actuators, including electric actuators, pneumatic actuators, and smart material actuators [12] . Allota [13] used external servo motors to drive the exoskeleton fingers, whereas the radio control (RC) servomotors pulled the cables to actuate the fingers in the opening or closure phase. Polygerinos [14] used a soft pneumatic glove to produce bending motions to follow the motion of human fingers.
In this paper, a rehabilitative robotic finger is presented that can be used to maintain muscle strength through repetitive action, which also has the effect of functional recovery by rebuilding the sensorimotor links through the reorganization process in the damaged brain. To avoid the limitations of the heavy and bulky exoskeleton, the design of the finger used an underactuated mechanism, and a 3D printer was used to fabricate a prototype. Thus, the exoskeleton is affordable and competes with conventional therapy costs. In continuous passive motion therapy, a patient usually cannot control the movement through conscious effort; therefore, we used auto speech recognition to help patients control rehabilitation efforts themselves. A specific key word was used to start the robot and a carefully chosen stepper motor was used to power the mechanism. The actual motion was analyzed using the Open Source Physics tool, Tracker.
Design and Simulation
The design of the exoskeleton robot was undertaken with a number of important considerations in mind, the most pertinent of which were shape, size, cost, and weight. The weight and cost of the exoskeleton are critical to the users. In our design, the cost (around 30 US dollars) is affordable and competes with conventional therapy costs, while the weight is less than 45 grams. The device needed to fit on a finger and its movement had to follow the finger of the disabled patient. Before embarking on the project, we first studied finger bending motion as well as the general structure of finger muscles and bones. The input torque is set to 30 N-mm according to the motor selected. In the experiment, this torque can move the finger slowly, which is suitable for slight stroke patients. For moderate stroke patients, a higher torque motor with a similar size can be selected with a slight increase of cost and weight. We used Solidworks™ and Autodesk Inventor™ to both design and analyze the system.
Design
The slider-type robotic finger we designed can be divided into two main parts: the slider itself and the N-shaped linkage, as shown in Figure 1 . The design concept of the slider mechanism was to locate the centers of the two arc-shaped sliders on the proximal and distal finger joints separately and to ensure the robotic finger followed human finger motion. In addition, the N-shaped linkage mechanism was designed to connect the proximal and distal arc-shaped sliders and to make them bend together. The N-shaped linkage used is simple and reduced the size of the finger. The prototype robotic finger has three sliders, five links, ten bolts, and one motor. As the motor rotates, the blue crank moves the gray coupler forwards or backwards. The gray coupler pushes and pulls the yellow slider arm, making it move along the slot. When the yellow slider moves, this causes the green link, or N-shaped linkage, to rotate, which in turn causes the yellow and outer red sliders to move together. The N-shaped linkage continues to push and pull the outer red slider, causing it to move along the slot. The outer red slider connects to the human finger and causes it to bend.
Simulation
We used Autodesk Inventor™ for finite element analysis. We set the input torque to 30 N-mm according to the motor specifications. The average size of the mesh elements was 0.05 mm, and the smallest element was 0.5 times the average size. The material used to make the 3D print was PLA (Poly Lactic Acid). Although PLA is brittle at room temperature, it is widely used in biomedical engineering because it is both biodegradable and biocompatible. However, these qualities can lead to a decrease in mechanical strength, so we applied the maximum normal stress fracture criterion in the evaluation. This criterion states that failure will occur when the maximum (normal) principal stress reaches either the uniaxial tension strength or the uniaxial compression strength. Using these criteria, we evaluated the feasibility of the design, focusing on the stress close to the shaft, where fracture was most likely to occur. As can be seen in Figure 2 , the maximum normal stress is about 4.68 MPa and, according to the data sheet, the maximum tensile strength of PLA is about 20 MPa. The safety factor was calculated to be 4.3. This means that PLA is suitable for the purpose with respect to strength. Table 1 shows the simulation results. The prototype robotic finger has three sliders, five links, ten bolts, and one motor. As the motor rotates, the blue crank moves the gray coupler forwards or backwards. The gray coupler pushes and pulls the yellow slider arm, making it move along the slot. When the yellow slider moves, this causes the green link, or N-shaped linkage, to rotate, which in turn causes the yellow and outer red sliders to move together. The N-shaped linkage continues to push and pull the outer red slider, causing it to move along the slot. The outer red slider connects to the human finger and causes it to bend.
We used Autodesk Inventor™ for finite element analysis. We set the input torque to 30 N-mm according to the motor specifications. The average size of the mesh elements was 0.05 mm, and the smallest element was 0.5 times the average size. The material used to make the 3D print was PLA (Poly Lactic Acid). Although PLA is brittle at room temperature, it is widely used in biomedical engineering because it is both biodegradable and biocompatible. However, these qualities can lead to a decrease in mechanical strength, so we applied the maximum normal stress fracture criterion in the evaluation. This criterion states that failure will occur when the maximum (normal) principal stress reaches either the uniaxial tension strength or the uniaxial compression strength. Using these criteria, we evaluated the feasibility of the design, focusing on the stress close to the shaft, where fracture was most likely to occur. As can be seen in Figure 2 , the maximum normal stress is about 4.68 MPa and, according to the data sheet, the maximum tensile strength of PLA is about 20 MPa. The safety factor was calculated to be 4.3. This means that PLA is suitable for the purpose with respect to strength. Table 1 shows the simulation results. 
Experiment
The experimental setup is shown in Figure 3 . First, we used speech commands to control the Arduino with a voice recognition board. A driving circuit was used to control the stepper motor installed on the finger exoskeleton robot, which then obeyed user voice commands. A stepper motor was used to drive the finger and the focus was on the problem of motor selection and control.
The experimental setup is shown in Figure 3 . First, we used speech commands to control the Arduino with a voice recognition board. A driving circuit was used to control the stepper motor installed on the finger exoskeleton robot, which then obeyed user voice commands. A stepper motor was used to drive the finger and the focus was on the problem of motor selection and control. 
Control
Our goal was the design of a simple robotic finger that could be used for finger movement rehabilitation that did not involve too much overhead. We chose a motor as an actuator rather than hydraulics to avoid the complication of hydraulic lines [15] . Torque and size were the two most important factors considered when the motor was selected. As a rule, torque is almost proportional to size and we selected a 28BYJ-48 stepper motor, which includes a gear train with a reduction ratio of 64:1. We decided to use two-phase excitation, which gives the greatest torque, to ensure that there was enough power to drive the device, and coded our program accordingly.
Several control methods were available for use with the Arduino device, muscle electrical signals [16] , a brain-computer interface (BCI) [17] , and speech recognition [18] . For a BCI system, attention level is a common index. However, reliability is an issue in the case of rehabilitation and this is also a problem with muscle control. We chose speech recognition, which converts speech to text, to control our finger mechanism. Here, a voice reference (command) is stored in the system and compared with a received signal. If the signal corresponds to one of the prerecorded commands, the motor will start and the device will begin working.
Motion Analysis
The red point shown on the robotic finger in Figure 4 was the measurement position used. The same point was used in Inventor Dynamic Simulation (simulated mechanics) and Tracker (real mechanics) to ensure the measurements made were compatible. The origin was set 15 mm to the left of the top of the metacarpophalangeal joint. The cycle for finger movement from straightening through flexing to straightening again, which was accomplished by one motor revolution, was set to be 16 s and 480 points were recorded for a complete cycle. 
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The red point shown on the robotic finger in Figure 4 was the measurement position used. The same point was used in Inventor Dynamic Simulation (simulated mechanics) and Tracker (real mechanics) to ensure the measurements made were compatible. The origin was set 15 mm to the left of the top of the metacarpophalangeal joint. The cycle for finger movement from straightening through flexing to straightening again, which was accomplished by one motor revolution, was set to be 16 s and 480 points were recorded for a complete cycle. Figure 5 shows the simulated and measured displacements for the finger exoskeleton robot. Subtracting each simulated datum point from the real displacement point reveals the displacement errors for the x and y directions (see Figure 6 ). It can be seen that for x there is considerable error between 4 s and 8 s. This is due to the fact that the bolt in the link is too loose because the 3D oriented part has too much tolerance and the predicted path cannot be accurately followed. It can also be seen that in first half of the x-direction movement, displacement error is positive, while it is negative in the second half. This reveals that the displacement in the first half of the x movement is slower than in the simulation, and faster than the simulation in the second half. This error may be due to a large amount of friction forces between the 3D printed parts. To solve this problem, we will use computer numerical control (CNC) machines to make parts in the future. The same problem was evident in the y-direction. The roughness in the surfaces of the 3D printed parts also caused motion to be jerky and there were frequent disturbances of motion. The surfaces of parts machined from aluminum alloy will be smoother and in any case the contact surfaces will be polished. Figure 5 shows the simulated and measured displacements for the finger exoskeleton robot. Subtracting each simulated datum point from the real displacement point reveals the displacement errors for the x and y directions (see Figure 6 ). It can be seen that for x there is considerable error between 4 s and 8 s. This is due to the fact that the bolt in the link is too loose because the 3D oriented part has too much tolerance and the predicted path cannot be accurately followed. It can also be seen that in first half of the x-direction movement, displacement error is positive, while it is negative in the second half. This reveals that the displacement in the first half of the x movement is slower than in the simulation, and faster than the simulation in the second half. This error may be due to a large amount of friction forces between the 3D printed parts. To solve this problem, we will use computer numerical control (CNC) machines to make parts in the future. The same problem was evident in the y-direction. The roughness in the surfaces of the 3D printed parts also caused motion to be jerky and there were frequent disturbances of motion. The surfaces of parts machined from aluminum alloy will be smoother and in any case the contact surfaces will be polished. Figure 5 shows the simulated and measured displacements for the finger exoskeleton robot. Subtracting each simulated datum point from the real displacement point reveals the displacement errors for the x and y directions (see Figure 6 ). It can be seen that for x there is considerable error between 4 s and 8 s. This is due to the fact that the bolt in the link is too loose because the 3D oriented part has too much tolerance and the predicted path cannot be accurately followed. It can also be seen that in first half of the x-direction movement, displacement error is positive, while it is negative in the second half. This reveals that the displacement in the first half of the x movement is slower than in the simulation, and faster than the simulation in the second half. This error may be due to a large amount of friction forces between the 3D printed parts. To solve this problem, we will use computer numerical control (CNC) machines to make parts in the future. The same problem was evident in the y-direction. The roughness in the surfaces of the 3D printed parts also caused motion to be jerky and there were frequent disturbances of motion. The surfaces of parts machined from aluminum alloy will be smoother and in any case the contact surfaces will be polished. Figure 5 shows the simulated and measured displacements for the finger exoskeleton robot. Subtracting each simulated datum point from the real displacement point reveals the displacement errors for the x and y directions (see Figure 6 ). It can be seen that for x there is considerable error between 4 s and 8 s. This is due to the fact that the bolt in the link is too loose because the 3D oriented part has too much tolerance and the predicted path cannot be accurately followed. It can also be seen that in first half of the x-direction movement, displacement error is positive, while it is negative in the second half. This reveals that the displacement in the first half of the x movement is slower than in the simulation, and faster than the simulation in the second half. This error may be due to a large amount of friction forces between the 3D printed parts. To solve this problem, we will use computer numerical control (CNC) machines to make parts in the future. The same problem was evident in the y-direction. The roughness in the surfaces of the 3D printed parts also caused motion to be jerky and there were frequent disturbances of motion. The surfaces of parts machined from aluminum alloy will be smoother and in any case the contact surfaces will be polished. For healthy people, typical torque values of joints are around 0.1~0.3 N-m [19, 20] . Therefore, these values can be considered as the maximum joint torques to extend or flex for hand rehabilitation. Our current therapy device has a 30 N-mm input torque, which is suitable for slight stroke patients. For higher torques, because the torque is limited by the motor selected, it is possible to replace the 28BYJ-48 motor with other low-cost motors, such as the 12 volt 35BYJ-46 motor for a 78 N-mm input torque. The main advantage of our current therapy device is that it can be an in-home or portable solution for slight stoke rehabilitation, with a 5-volt mobile power supply or a USB interface.
Discussion

In the simulation, the angle through which a fingertip could be rotated was from 173.2 • to 72.0 • , an ROM of 101.2 • . However, in the experiments the angle achieved was from 170.4 • to 126.2 • , an ROM of 44.2 • . Our goal is to make this range the same as that of a clutching fingertip. This can be done by increasing the length of the middle link of the N-shaped linkage. We will also attend to the problem of the connections between links. In our experiments we used plastic PLA but, as mentioned before, this material degrades over time. Future devices will be machined from aluminum alloy by CNC.
The proposed device can potentially be used for other medical or robotic applications [21] . In addition to post-stroke rehabilitation, this prototype could be functional for the rehabilitation of hand injuries. Since typical hand injuries affect only one finger, it could be used to improve the physical therapy after operations and help the patient regain range of motion of the finger [21] . By adequate design of the exoskeleton, it could also help prevent workplace injuries or help improve performance of different tasks.
